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Aims/Background-The morphological changes in Bruch's membrane and its constituent collagen seen during aging have been studied extensively but the chemical nature of the collagen and any aging changes have not previously been evaluated. Methods-A method for preparing purified Bruch's membrane from human cadaver eyes by dissection preceded by trypsin digestion was developed. Following pepsin digestion, the constituent collagens were analysed by SDS-PAGE and by immunoblotting. Cyanogen bromide digestion was used to ascertain the solubility of the collagen and the proportion of type I to type III collagen. After hydrolysis of Bruch's membrane samples the constituent amino acids and collagen crosslinks were measured. Results-The presence of collagen types I, III, IV, and V in Bruch's membrane was confirmed. The proportion of type III collagen as a percentage of total fibrous collagens was calculated as being between 350/o and 39°/0, with no significant difference between different macular and peripheral sites or with age. There was a highly significant decline in the solubility of Bruch's membrane collagen with age, from near 100% in the first decade of life to 40-50°/0 in the ninth decade at both macular and peripheral sites. There was no significant change in the amount of enzymatically formed collagen crosslinks with age. Amino acid analysis indicated a significant increase in the amount of noncollagen protein with age in macular but not peripheral sites.
Conclusion-Changes in the constituent
collagens may contribute to the accumulation ofdebris in Bruch's membrane with age and interfere with the function of the retinal pigment epithelium, with subsequent consequences for the overlying photoreceptors. (Br_J Ophthalmol 1995; 79: 944-952) The high incidence of age-related macular degeneration (ARMD) and its significant impact on the visual function in the elderly population has led to considerable interest in the function and relations of the photoreceptors, the retinal pigment epithelium (RPE), and its adjacent structures, in particular Bruch's membrane. Their failure to function normally is critical in the pathological process that leads to the development of ARMD, and the changes that occur in these tissues with age and in the disease process are of relevance to our understanding of ARMD.
In aging and ARMD considerable morphological changes are seen in Bruch's membrane. Changes include the deposition of material between the RPE and its basement membrane. Drusen, which are focal, lie between the RPE basement membrane and the inner collagenous zone of Bruch's membrane. 1-3 More diffuse changes are also seen, with the deposition of debris, vesicular material, and membrane coated bodies within Bruch's membrane, especially in the inner collagenous zone.4 This material has a high lipid content but its composition appears to vary between individuals.5 It is believed to originate in the photoreceptor outer segments and to be the product of RPE metabolism.69 Although the morphological changes that occur in aging and their nature are well described, the mechanism by which the material is retained in the matrix of the membrane is not understood, nor are the consequences of this deposition process. 10
The structure of Bruch's membrane depends on the integrity of collagen fibres and concurrent with the macroscopic changes there appear to be age-related changes in the nature of the collagen. There is an increased number of striated collagen fibres present in both the inner and outer collagenous layers with increasing age. This 64 nm banded material is assumed to be the fibrillar type I collagen. This is accompanied by the deposition of short segments of a 100 nm banded form which is assumed to be collagen type VI.2 8 11 The distribution of the collagen types in Bruch's membrane has been studied with immunohistochemical techniques12 13 which demonstrated the presence of types I, III, IV, and V collagen. The staining for types IV and V appeared to be bilaminar, below the RPE and around the choriocapillaris, while that for types I and III tended to be diffuse throughout the thickness of the membrane. In older tissue there appeared to be increased immunostaining for type I collagen as well as frequent interruptions in the bilaminar staining pattern for types IV and V collagen. Significantly, these interruptions were not always associated with drusen.12 Electron microscopic studies with immunogold have confirmed the presence of types I, III, and V collagen in the matrix and have shown that type IV is located in the basement membrane of the RPE and choriocapillaris. Type VI collagen was shown to be present and related to the central elastic lamina of the membrane. 14 Primary antibodies were polyclonal goat antibodies against collagen types I, III, IV, and V (Southern Biotechnologies) and polyclonal rabbit antibody against collagen type VI (Chemicon International). The alkaline phosphatase conjugated secondary antibodies, against goat and rabbit immunoglobulins, had previously been adsorbed against human serum proteins (Sigma Chemicals).
SOLUBILITY AFTER CYANOGEN BROMIDE CLEAVAGE
Tissue samples were freeze dried and delipidated in 2:1 chloroform:methanol mixture. The samples were reduced in 10 mM dithiothreitol (DTT) to reduce methionine sulphoxide to sulphydryl to ensure complete cleavage of the peptide chains by the cyanogen bromide. The samples were reacted with cyanogen bromine in 70% formic acid at room temperature for 18 hours. The reaction was stopped by the addition of three times the reaction volume of water and any undissolved tissue removed. Both supernatant and tissue residue were freeze dried and analysed for hydroxyproline content. The proportion of collagen solubilised from the tissue was calculated as the proportion of total hydroxyproline that was in solution.
TYPE I TO TYPE III COLLAGEN RATIOS
The relative proportion of type I to type III collagen present in the tissue was determined from the ratio of the 1 (I)CB8 and 1(III)CB5 peptides using the method described by Light.21 Tissue was prepared and digested as described above from the macular and peripheral regions of donor eyes. The supernatant from the digestion was freeze dried and the resulting sample dissolved in electrophoresis sample buffer and separated on 10% SDSpolyacrylamide gels and stained with Coomassie Blue R. After extensive destaining the gels were scanned on an LKB Ultrascan XL enhanced laser densitometer and the results analysed using LKB 2400 Gelscan XL software.
AMINO ACID COMPOSITION
Bruch's membrane discs were prepared as described above and hydrolysed in 0 5 ml 6 M HCl under nitrogen at 115°C for 20 hours. The resulting hydrolysate was dried under vacuum and analysed on an LKB 4400 AutoAnalyser (Pharmacia).
COLLAGEN CROSSLINK ANALYSIS
Bruch's membrane was suspended in phosphate buffered saline pH 7 4, and reduction of the immature reducible cross links achieved using NaBH4 as described previously.22 An aliquot was removed for hydroxyproline analysis and the rest of the sample was fractionated on a Bruch's membrane produced by the method described above allowed the complete removal of the RPE as assessed by light microscopy. The choroidal tissue was removed by dissection leaving only Bruch's membrane and choriocapillaris (Fig 1) . Scanning electron microscopy was used to assess the condition of the basement membrane. Removal of the neuroretinal tissue shows an almost intact RPE (Fig 2A) .
Incubation of the tissue in trypsin causes small areas of the RPE to be washed off, revealing areas of basement membrane (Fig 2B) . (Fig 2C) . Only a small amount of collagen (4.40/o) was released during the incubation with trypsin. Prepared tissue discs had a dry weight of between 50 and 100 g.
COLLAGEN OF BRUCH'S MEMBRANE
The yield of collagen from the solubilisation with pepsin in 0 5 M acetic acid was between 10% and 15% of total collagen. Samples of collagen from salt precipitations were analysed by SDS-PAGE under both reducing and nonreducing conditions. This showed the presence of type I and III collagen in the 0 7 M sodium chloride in 0 5 M acetic acid precipitate (Fig  3) . Reduction of this fraction causes an increase in the density of the cx1(I) band as the human cx(III) band comigrates with it. There was no evidence of type IV collagen on these gels. The 1X2 M fraction showed the presence of type V collagen as well as some contaminating type I. The isoform of type V collagen present appears to be cxl(V), (x2(V), x3(V) (Fig 3) .
Immunoblotting for the various collagen types revealed the presence of collagen types I, III, IV and V (Fig 4) Age (years) Figure 5 Cyanogen bromide solubility ofBruch 's membrane collagen. There is a significant decline with age (p<0 001). This is similar in both macular and peripheral tissue. Age (years) Figure 6 Proportion of type III collagen as a percentage of totalfibrous coUlagen (types and III) in both macular and peripheral tissue. There is no significant difference with a or between the two areas.
40-50% in the ninth decade of life. 1 decline in solubility was seen in both maci and peripheral tissue and was highly signific (p<0 00 1). There was no significant differe between macular and peripheral tissue ( Fig  Cyanogen bromide peptide gels demonstra the relative amounts of types I and collagens in the membrane (Fig 3) . The r portion of type III based on 50 samples Bruch's membrane was calculated as 390/ the macular tissue and 35% in the periph tissue. There was no significant change v age in these values (Fig 6) . AMINO 
ACID COMPOSrIION
The total amino acid composition of sample Bruch's membrane from a range of ages from macular and peripheral areas of the was determined. The level of hydroxyprolin macular tissue was significantly higher thai the periphery (p=0 0 14). However, the proj tion of hydroxyproline in the macular Brui membrane declined with age (p=0 044) w that of peripheral tissue remained unchan (Fig 7) . There was a significant increase in proportion of tyrosine, methionine and phe alanine, amino acids low in collagen, to t amino acids with age in the macular tis (p<0 01) ( Figs 8A, B, C ). An increase in proportion of these amino acids was also see peripheral tissue but this was not statistic significant. 
CROSSLINKS
Analysis of the profile of collagen crosslinks from 41 tissue samples of age from less than 1 year to 94 years, failed to show the presence of any of the immature reducible crosslinks, dehydro-hydroxylysinonorleucine and hydroxylysino-ketonorleucine. The mature collagen crosslink hydroxylysyl-pyridinoline was shown to be present at levels of up to 04 moles/mole of collagen but there was no significant change in crosslink level with age (Fig 9) . The mature -0 crosslink histidino-hydroxylysinonorleucine was not detected in the samples. An unknown chromatographic peak in the 'crosslink' region s I of the chromatogram showed a molar rise cge in concentration with age (Fig 10) . The ninhydrin positive reaction of this compound indicated that it was an amino acid. Ihis ular ,ant Discussion nce The removal of the RPE by the preparative 5). process, of prior incubation in trypsin followed ited by dissection, is not unexpected as RPE is III easily harvested for cell culture25 and our pro-method amounts to an extension of the s of standard harvesting method. The more signifilo in cant finding is that the vast bulk of choroidal eral tissue is removed by our method (Fig 1) . This with advantage is further reinforced by the ease of dissection of the choroid following trypsin incubation. The appearance of Bruch's membrane after trypsin incubation and dissection compares favourably with the only published s of micrograph of prepared Bruch's membrane.18 and Scanning electron microscopy shows that eye the basement membrane of the RPE remains Le in largely intact following preparation (Fig 2C) . n in Published scanning electron micrographs26 por-show fine projections from the basement memch's brane that form the interdigitations of the rhile basement membrane with the RPE that are iged seen in transmission electron micrographs.3 In the our scanning electron microscopy preparations nyl-we were unable to observe these projections total perhaps because they were removed by a comssue bination of trypsin digestion and physical the trauma during the dissection process. n in
The small amount of collagen released .ally during trypsin incubation could not have arisen from the RPE side of the tissue as the RPE remains mostly intact after incubation (Fig 2B) . Thus the collagen released must have come from the choroidal side of the tissue and is therefore unlikely to be of any significance as that tissue is subsequently removed by the dissection process. Thus, the tissue preparation we have developed is capable of producing a significant amount of purified Bruch's membrane in which the choroid is removed and the basement membrane of the RPE is left intact.
The collagen types present in Bruch's membrane have been demonstrated by SDS-PAGE, immunoblotting, and cyanogen bromide digestion techniques, as collagen types I, III, IV, 100 and V. Previous studies have indicated the presence of these collagens by immunohiston logical staining.'2 13 We were unable to confirm the presence of collagen type VI, which has previously been identified by immunoelectron microscopy. The apparent crosslinking that causes the aggregation of the collagen and its decrease in solubility must be sought in as yet unknown additional crosslinks or by glycation crosslinks such as pentosidine. The presence of an unidentified amino acid in the 'crosslink' area of the chromatograph suggests a possible mechanism, which merits further study.
The consequences of the change in solubility may have an effect on the functioning of the membrane. It has previously been supposed that the membrane plays a passive role in the functioning of the choriocapillaris, RPE, and photoreceptor complex offering support but otherwise partaking little in the metabolism of the complex. However, early studies have indicated that Bruch's membrane may have a differential permeability to solutions of different solutes, ionic strengths, and pH.31 Also experiments have shown that the permeability of the membrane to water decreases significantly with age.'6 The passage of larger protein molecules can also be hindered by the membrane.31 32 Any change in the fluid permeability of the membrane could be due to either the increased crosslinking or increased deposition of lipid containing debris with age, or a combination of the two. Whether lipid deposition plays a significant role in the metabolism of the RPE is at present unclear but there is mounting evidence that it does so.5 10 It is in this process of debris deposition that the changes in the nature of the collagen, a major component of Bruch's membrane, may play a crucial part. The crosslinking of the Bruch's membrane collagen may change the nature of the extracellular matrix such that it forms a network through which the debris is unable to pass with as great a facility in the old as in the young. This network could form a barrier to the passage of material in either direction. The build up of debris in Bruch's membrane with increasing age could be a consequence of this process. Alternatively, changes in the proteoglycan interfibrillary matrix of Bruch's membrane could be involved.'8 A second consequence of increased crosslinking would be a decrease in the susceptibility of Bruch's membrane collagen to enzymatic action. The RPE is known to contain collagenolytic enzymes33-35 and crosslinking is known to reduce susceptibility to the enzymatic degradation of collagen.36 It is possible to envisage a situation where the already slow Preparation of Bruch's membrane and analysis of the age-related changes in the structural collagens the mechanisms behind age-related macular degeneration. Levels of an unidentified putative collagen crosslink increase with age. 
